Abstract: In some string compactifications, for instance the recently proposed KKLT set-up, light moduli are stabilized by nonperturbative effects at supersymmetric AdS vacuum which is lifted to a dS vacuum by supersymmetry breaking uplifting potential. In such models, soft supersymmetry breaking terms are determined by a specific mixed modulusanomaly mediation in which the two mediations typically give comparable contributions to soft parameters. Similar pattern of soft terms can arise also in brane models to stabilize the radion by nonperturbative effects. We examine some phenomenological consequences of this mixed modulus-anomaly mediation, including the pattern of low energy sparticle spectrum and the possibility of electroweak symmetry breaking. It is noted that adding the anomaly-mediated contributions at M GU T amounts to replacing the messenger scale of the modulus mediation by a mirage messenger scale (m 3/2 /M P l ) α/2 M GU T where α = m 3/2 /[M 0 ln(M P l /m 3/2 )] for M 0 denoting the modulus-mediated contribution to the gaugino mass at M GU T . The minimal KKLT set-up predicts α = 1. As a consequence, for α = O(1), the model can lead to a highly distinctive pattern of sparticle masses at TeV scale, particularly when α = 2.
Introduction
Low energy supersymmetry (SUSY) is one of the prime candidates for physics beyond the standard model at TeV scale [1] . One of the central questions in supersymmetric models is to understand the mechanism of SUSY breaking, in particular the origin of soft SUSY breaking terms in the low energy effective lagrangian [2] . Most phenomenological aspects of supersymmetric models are determined by those soft terms which would be induced by the auxiliary components of SUSY breaking messenger fields. In string theory, the most plausible candidates for messenger fields are the moduli fields (including dilaton) describing the continuous degeneracy of string vacua at leading approximation [3] . In addition to string moduli, the 4-dimensional supergravity (SUGRA) multiplet provides a modelindependent source of SUSY breaking, i.e. the anomaly-mediation [4] , which generically induces the soft masses m sof t ∼ m 3/2 /8π 2 where m 3/2 is the gravitino mass. To identify the dominant source of soft terms, one needs to understand how those moduli are stabilized at a nearly 4D Poincare invariant vacuum. For instance, if some moduli φ H are stabilized with a heavy mass m φ H ≫ 8π 2 m 3/2 , those moduli would have the auxiliary component F φ H ∼ m 2 3/2 /m φ H ≪ m 3/2 /8π 2 (in the unit with M P l = 1), thus their contribution to soft terms are negligible even compared to the anomaly-mediated ones. On the other hand, light moduli φ L with a mass m φ L ∼ m 3/2 can have F φ L ∼ m 3/2 which might provide m sof t ∼ m 3/2 dominating over the anomaly-mediation. In addition to stabilizing all the relevant moduli, one needs to make sure that the resulting vacuum energy density is tuned to be nearly zero since the soft scalar masses can be affected by any additional source of the vacuum energy density [5] .
Recently KKLT has proposed an interesting set-up to stabilize the moduli within the framework of type IIB string theory. The KKLT set-up [6] involves three steps to achieve a SUSY breaking Minkowski (or de Sitter) vacuum, while stabilizing all (or most of) moduli. The first step is to introduce the NS and RR 3-form fluxes, H 3 and F 3 , stabilizing the dilaton S and all complex structure moduli Z α . For some flux vacua, G 3 = H 3 − iSF 3 can be aligned nearly in the direction of a primitive (2, 1)-form, for which S and Z α get superheavy masses not far below M P l , while the gravitino remains to be light. In the second step, one introduces nonperturbative dynamics, e.g. gaugino condensation [7] , to stabilize the Kähler moduli T i . This step fixes T i at an N = 1 supersymmetric AdS vacuum with m T ≈ m 3/2 ln(M P l /m 3/2 ) and the vacuum energy density V 0 ≈ −3m 2 3/2 M 2 P l . The last step is to introduce an anti-D3 brane (D3) providing a positive uplifting potential which would make the total vacuum energy density to be positive but small as desired.D3 induces also a SUSY breaking vacuum shift which eventually generates the soft SUSY breaking terms of visible fields [8, 9] .
The structure of soft terms in KKLT flux compactification has been studied in [8, 9] . It has been noted that such compactification typically leads to F T /T ∼ m 3/2 /4π 2 (or even smaller in some special case) and F S,Z ≪ F T , implying that the loop-induced anomaly mediation [4] generically provides an important contribution to soft terms. If the visible gauge fields originate from D3 branes, the resulting soft terms are dominated by the anomaly mediation whose phenomenology has been extensively studied before [10] . However in KKLT set-up, it is difficult to stabilize the position moduli of D3 branes. Also the pure anomaly mediation suffers from the negative slepton mass-square problem. In view of these difficulties, a more attractive possibility is that the visible gauge fields originate from D7 branes wrapping a 4-cycle. In such case, the soft terms are induced by a specific mixed modulus-anomaly mediation in which the two mediations give comparable contributions [8, 9] .
In fact, the KKLT set-up can be considered a specific example of more general scenario in which the light moduli are stabilized by nonperturbative dynamics yielding an N = 1 SUSY AdS vacuum, and this SUSY AdS vacuum is lifted to a SUSY-breaking Minkowski (or de Sitter) vacuum by an appropriate uplifting mechanism which is assumed to be sequestered from the visible sector. Such scenario might be realized also in some class of brane models. Indeed the radion stabilization in 5D orbifold SUGRA based on the boundary and bulk gaugino condensations [11] can provide another example of this scenario which results in the mixed radion-anomaly mediation.
In this paper we wish to examine some phenomenological aspects of this mixed modulusanomaly mediation, including the pattern of low energy sparticle spectrums and the possibility of electroweak symmetry breaking. The discussion will be made within the framework of 4D effective SUGRA with a SUSY breaking uplifting potential which is sequestered from the visible sector. As we will see, depending upon the anomaly to modulus mediation ratio α = m 3/2 /[M 0 ln(M P l /m 3/2 )] at the GUT scale M GU T , where M 0 = F T /(T + T * ) denotes the modulus-mediated contribution to the gaugino mass at M GU T , the model can lead to a highly distinctive pattern of superparticle masses at low energy scales. This is essentially due to that the low energy soft parameters in a mixed modulus-anomaly mediation with messenger scale Λ are (approximately) same as those of the pure modulus-mediation with a mirage messenger scale ∼ (m 3/2 /M P l ) α/2 Λ. The minimal KKLT model predicts α = 1, so has a mirage messenger scale close to the intermediate scale m 3/2 M P l , while the string, compactification and gauge unification scales are all close to M P l . If α = 2, a striking pattern of low energy superparticle spectrum emerges since the mirage messenger scale is close to TeV: soft masses appear to be unified at TeV although the gauge couplings are unified at 10 16 − 10 17 GeV! Although no string theory realization is found yet, α = 2 can be naturally obtained by an uplifting mechanism to yield an uplifting potential V lift ∝ 1/(T + T * ) [8, 9] . (D3 in the KKLT set-up gives V lift ∝ 1/(T + T * ) 2 .) Alternatively, one might be able to obtain a somewhat wide range of α (including α = 2) by tuning the form of the non-perturbative superpotential [9] . In the next section, we discuss some features of the soft terms in mixed modulus-anomaly mediation, which is largely based on the results of [8, 9] . In sec. 3, we examine the resulting low energy soft parameters and present the results of our phenomenological analysis. Sec. 4 is the conclusion.
Soft terms in mixed modulus-anomaly mediation
To make a motivation for our study, let us start with a brief discussion of soft terms in KKLT flux compactification following [8, 9] . In KKLT models on CY orientifold, the dilaton S and complex structure moduli Z α generically get superheavy masses of the order of compactification scale by the 3-form NS and RR fluxes. This step of stabilizing S and Z α is assumed to preserve the (approximate) N = 1 SUSY, so the gravitino remains to be light with m 3/2 ≪ m S,Z . To fix the Kähler moduli T i , one introduces a superpotential of the form W np = Ae −aT i induced by gaugino condensations on D7 branes. Since m Z,S ≫ m 3/2 , the stabilization of T i and also the low energy SUSY breaking can be described by an effective SUGRA obtained after integrating out S and Z α . For simplicity, here we consider only the case with single Kähler modulus T as the generalization to multi Kähler moduli is rather straightforward. Then the effective SUGRA of T and the gauge and matter superfields on D7/D3 can be written as
where
Here g C µν is the 4D metric in superconformal frame which is related to the Einstein frame metric g E µν as g C µν = (CC * ) −1 e K ef f /3 g E µν , C = C 0 +F C θ 2 is the chiral compensator superfield of 4D N = 1 SUGRA, and Q i are the gauge-charged matter superfields.
The modulus Kähler and superpotential of the minimal KKLT set-up are given by
where the constant piece w 0 of the superpotential originates from the fluxes. Using the following U (1) R transformation of the superconformal formulation of the 4D N = 1 SUGRA:
one can make w 0 to be a real positive constant without loss of generality. The Kähler potential (and also the uplifting potential which will be introduced later) of the KKLT model possesses an approximate nonlinear PQ symmetry,
with which one can make A to be a real positive constant again without loss of generality.
As was noticed before [9, 12] , this nonlinear PQ symmetry is crucial for the KKLT set-up to avoid dangerous SUSY CP violation. The holomorphic Yukawa couplings λ ijk are independent of T , however the matter Kähler metric and holomorhic gauge kinetic functions can have nontrivial T -dependence as 6) where n i = 0 and l a = 1 for the matter and gauge fields living on D7, while n i = 1 and l a = 0 for the matter and gauge fields on D3 [13] . When the matter fields live on the intersections of D7 branes, n i can have a fractional value, e.g. n i = 1/2 [13, 14] . The modulus superpotential W 0 stabilizes T at
however the resulting ground state is a SUSY preserving AdS vacuum. To obtain a SUSYbreaking Minkowski (or dS) vacuum, KKLT proposed to add an anti-D3 brane (D3) providing a positive uplifting potential. SuchD3 is stabilized at the tip of a smoothed conifold singularity at which the geometry is highly warped with an exponentially small warp factor e A min ∼ m 3/2 /M P L [15] . OnD3, N = 1 SUSY is broken explicitly or is non-linearly realized [16] . It has been argued [9] that the low energy consequence ofD3 in KKLT set-up can be described by a single spurion operator up to small corrections further suppressed by e A min :
Including this spurion operator, the low energy effective action of KKLT compactification is given by
(2.10)
From this, one finds that the SUSY breaking order parameters (in the Einstein frame) approximately take the standard N = 1 SUGRA form:
while the modulus potential contains the uplifting term
It is now straightforward to compute the SUSY breaking order parameters F T and F C (or equivalently m 3/2 ) by minimizing the above modulus potential under the fine tuning for V 0 = 0. One finds [8, 9 ]
For the uplifting potential originating fromD3, the corresponding P is a T -independent constant, i.e. n P = 0 [17, 18] . One of the most interesting features of the KKLT flux compactification is that
for m 3/2 near the TeV scale, which suggests that the loop-induced anomaly mediation and the tree-level modulus mediation can be comparable to each other. This is essentially due to the relation aT ≈ ln(M P l /m 3/2 ) = O(4π 2 ). As we will see, phenomenological consequences of the mixed modulus-anomaly mediation are somewhat sensitive to the ratio between the anomaly and modulus mediations which we will parameterize by
The minimal KKLT set-up described by the modulus Kähler and superpotential (2.3) and the uplifting potential (2.13) with n P = 0 predicts
However one might be able to generalize the model to obtain a different value of α. It has been noticed [9] that a model with racetrack superpotential
can give a stable Minkowski vacuum with a light gravitino and
. Motivated by this observation, one can consider a more general class of effective SUGRA described by
for which
For the parameter regions which give a stable Minkowski vacuum with light gravitino, we have examined the value of α predicted by this model, and found 20) where ξ is close to 1 in most of the parameter spaces, but can be significantly bigger than 1 for |w 0 /A 1 e −a 1 T | ≪ 1 and (a 2 − a 1 )/(a 2 + a 1 ) = O(1/4π 2 ) as anticipated in [9] . If the uplifting spurion operator P lift is a T -independent constant as in the KKLT case, i.e. n P = 0, we have α = ξ. Although no concrete realization is found yet, string theory might be able to provide other forms of P lift , e.g. n P = 1 or n P = −1 which gives α = 2ξ or α = 2ξ/3 for n 0 = 3. In this paper, we simply take this possibility without questioning the origin of P lift , and treat α as a free parameter while focusing on α = O(1) for which the resulting phenomenology is most interesting. Note that α ≪ 1 corresponds to the limit of pure modulus-mediation, while α ≫ 1 corresponds to the pure anomaly mediation. Let us now consider the soft SUSY breaking terms of canonically normalized visible fields for generic value of α:
where λ a are gauginos,Q i are sfermions, and y ijk denote the canonically normalized Yukawa couplings:
For α = O(1), the loop-induced anomaly-mediation [4] becomes comparable to the modulus mediation, thus should be included in the soft terms at scales below the compactification (unification) scale. This results in a mixed modulus-anomaly mediation, yielding the following form of soft parameters at energy scale just below the unification scale [8, 9] :
for the A-th gauge group, and M 0 = F T /(T + T * ). Here b a and γ i are the one-loop beta function coefficients and the anomalous dimension of Q i , respectively, defined by
Here we have ignored the off-diagonal terms of ω ij = kl y ikl y * jkl . If the visible gauge fields originate from D3 branes, so l a = 0 and n i = 1, the resulting soft terms correspond to the pure anomaly mediation whose phenomenology has been extensively studied before [10] . However in KKLT set-up, it is difficult to stabilize the position moduli of those D3 branes. Also the pure anomaly mediation suffers from the negative slepton mass-square problem. In view of these difficulties, a more attractive possibility is that the visible gauge fields originate from D7 branes, for which l a = 1 but still n i can be either 0 or 1/2 or even 1, depending on the origin of Q i . In the following, we will set l a = 1, and then the generic mixed modulus-anomaly mediation is parameterized by
where the first three parameters are determined by the modulus-dependence of the matter Kähler metric, while α is determined by the mechanism of modulus stabilization and the subsequent uplifting.
For the minimal KKLT set-up defined by (2.3), (2.6) and (2.9), the invariance of the matter Kähler metric (2.6) under the nonlinear PQ symmetry (2.5) assures that a ijk are real. We already noticed that the U (1) R transformation (2.4) and the nonlinear PQ transformation (2.5) can be used to make the two parameters w 0 and A in the modulus superpotential (2.3) to be real without loss of generality. In such field basis, the resulting F T and F C are real, thus the gaugino masses and A-parameters in the minimal KKLT set-up do not contain any dangerous CP-violating phase [9, 12] .
For a later discussion of the electroweak symmetry breaking, let us discuss the Higgs mass parameters µ and B in the mixed modulus-anomaly mediation scenario. (Here we are using the same notation µ for both the Higgsino mass parameter and the renomalization point.) One possible source of µ and B is the Higgs bilinear terms in Kähler and superpotential, which would take the following form [20, 21] 24) where ∆W ef f is induced by the non-perturbative dynamics yielding Ae −aT in the modulus superpotential (2.3). The resulting µ for the canonically normalized Higgs doublets at the unification scale is given by
Soft masses in the mixed modulus-anomaly mediation are of the order of
and Ae −aT ≈ m 3/2 M 2 P l /aT for the modulus superpotential (2.3), µ W is naturally of the order of M 0 . As for µ K , one might assume that the H 1 H 2 -term in K ef f is induced by a loop correction, and thus
In fact, the real problem is to get the desired size of B. For B originating from (2.24), we find
where we have used α ≈ 2m 3/2 /a(T + T * )M 0 . This result shows that B from (2.24) is generically of the order of m 3/2 , thus would be too large to achieve the correct electroweak symmetry breaking. Unless α ≈ 1, one can still obtain the desired B = O(M 0 ) under the fine-tuning:
which we will assume in the discussion of electroweak symmetry breaking in the next section. We note that for the models yielding α ≈ 2, for instance a model with n 0 = 3, n P = 1, A 2 = 0 in (2.18) which gives α = 2 + O(1/4π 2 ), the above condition is automatically satisfied when µ K = 0, i.e. when the µ term originates entirely from the nonperturbative term in W ef f . For the case with α ≈ 1, which would be the most interesting case as it is predicted by the minimal KKLT set-up, the fine-tuning (2.28) is not allowed. One might then consider
whereμ is a T -independent constant which is adjusted to give µ W =μ/(T + T * ) l W = O(M 0 ). In this case, one easily finds
Generating the µ and B-terms through (2.24) or (2.29) has another unattractive feature in addition to the involved fine-tuning to get B = O(M 0 ). Those models for µ and B involve a CP-violating phase Arg(Ãκ * ) or Arg(μκ * ) which eventually generates a nonzero Arg(B). To satisfy the constraints from the hadron or electron electric dipole moments, one then needs to tune this CP phase to be smaller than 10 −2 .
The difficulty to obtain B = O(M 0 ) is a generic problem of models which predict m 3/2 ≫ M 0 . A simple way to avoid this difficulty is to assume that the Higgs µ-term originates from a trilinear Yukawa term involving a singlet N [22] :
In this case, the (effective) µ and B are given by 31) where Z N is the Kähler metric of N , thus they have the desired size of O(M 0 ). In addition to giving the correct size of µ and B without a fine-tuning of parameters, this model has another virtue: it avoids naturally all the potentially dangerous CP phases in the soft parameters. Using the field redefinitions
one can make λ 1 and λ 2 to be real, for which N is real also. We already noticed that the field redefinitions of (2.4) and (2.5) can be used to assure that the gaugino masses and A-parameters in the minimal KKLT set-up are all real. When the Higgs µ and B parameters originate from the superpotential (2.30), the resulting B is automatically real, thus the model is completely free from the potentially dangerous SUSY CP violation. Before closing this section, we note that the mixed modulus-anomaly mediation can arise also from 5D brane models on S 1 /Z 2 stabilizing the radion by nonperturbative effects [11] . To see this, let us first note that gauge fields propagating in 5D bulk have f a = T for the radion superfield T = R + iB 5 where R is the orbifold radius and B 5 is the fifth component of the 5D graviphoton [23] . On the other hand, for gauge fields confined in the boundaries of S 1 /Z 2 , the corresponding f a are T -independent constants. The radion Kähler potential is given by K 0 = −3 ln(T + T * ), and a superpotential of the form W 0 = w 0 − i A i e −a i T can be generated by gaugino condensations. The constant piece w 0 would be induced by a gaugino condensation at the boundary, while i A i e −a i T arises from bulk gaugino condensations. In the simplest situation, the matter Kähler metric takes the form of (2.6), n i = 1 for boundary matter fields and n i = 0 for bulk matter fields [23] . In fact, if a bulk matter field Q i have nonzero 5D mass M i , its zero mode has a Kähler metric given by [24] . In such case, the resulting Yukawa couplings y ijk = λ ijk / e −K 0 Z i Z j Z k can have a hierarchical structure in a natural manner. Again the radion superpotential W 0 from gaugino condensations can stabilize T at a SUSY AdS vacuum. Adding a SUSY-breaking anti-brane at the boundary will uplift this AdS vacuum to a Minkowski (or dS) vacuum. The corresponding spurion operator P lift is a T -independent constant, so n P = 0 [11] . If P lift originates dominantly from a T -dependent bulk U (1) FI-term D F I ∝ ∂ T K 0 [17] , one would have
On the other hand, if P lift originates dominantly from a T -independent U (1) R FI term [25] , P lift ∝ g 2 e −2K 0 /3 ∝ (T + T * ) and then α ≈ 2. However, as was pointed out in [9] , U (1) FI-dominated uplifting is difficult to be achieved since the FI D-term always vanishes for a SUSY AdS solution of the F -term potential.
Low energy phenomenology
In this section, we examine some phenomenological consequences of the mixed modulusanomaly mediation given by (2.23) with l a = 1 and α in the range of O(1). For concrete analysis, we will use the standard value of the unification scale M GU T ∼ 2 × 10 16 GeV.
Mixed modulus-anomaly mediation can give a low energy sparticle spectrum which is quite different from other scenarios of SUSY breaking. This is mainly due to the particular correlation between the anomaly mediation and the RG evolution of soft parameters. To see this, let us consider the low energy gaugino masses. At a scale M (−) GU T just below M GU T , the gaugino masses are given by
where α is defined in (2.16). The one-loop RG evolution between M (−) GU T and µ yields
This result shows an interesting feature: if α = O(1) as in KKLT set-up, the anomalymediated contribution, i.e. the α-dependent part, cancels significantly the RG evolution of the modulus-mediated gaugino masses. In particular it shows that the low energy gaugino masses in the mixed modulus-anomaly mediation started from the messenger scale M GU T are same as the low energy gaugino masses in the pure modulus-mediation started from a mirage messenger scale ∼ (m 3/2 /M P l ) α/2 M GU T . Note that this mirage messenger scale does not correspond to a physical threshold scale. Still the physical gauge coupling unification scale is M GU T , and the Kaluza-Klein and string threshold scales are a little above M GU T . When α ≈ 2, M a (M SU SY ) are approximately same as the pure modulus-mediated gaugino mass without any RG running effect,
In this case, we have unified gaugino masses at TeV, while the corresponding gauge couplings are unified at M GU T ∼ 2 × 10 16 GeV. The low energy values of A ijk and m 2 i show a similar feature. In fact, if y ijk are non-vanishing only for the combinations Q i Q j Q k satisfying a ijk = 1 and c i + c j + c k = 1, or if the effects of the Yukawa couplings on the renormalization group evolution can be ignored, the resulting A ijk and m 2 i at low energies are given by
where γ i (µ) and g 2 Y (µ) denote the running anomalous dimensions and the running U (1) Y gauge coupling at µ, respectively, and Y i is the U (1) Y hypercharge of Q i . Here again we ignored the off-diagonal parts of ω ij = kl y ikl y * jkl , and the last part of m 2 i (µ) depending on i c i Y i arises as a consequence of the Tr(Y m 2 )-term in the RG equation of m 2 i . In generic situation, the above results will be modified by the Yukawa couplings for a ijk = 1 or c i + c j + c k = 1. However for the first and second generations of quarks and leptons, the modification will be negligible since the involved Yukawa couplings are small enough. Again the anomaly mediated contributions at M GU T leads to a mirage messenger scale (m 3/2 /M P l ) α/2 M GU T . Also if α ≈ 2, the TeV scale sfermion masses are approximately same as the pure modulus-mediated sfermion masses without any RG running effect:
up to ignoring the corrections due to y ijk for a ijk = 1 or
The results of (3.2) and (3.4) show that the low energy soft parameters in a mixed modulus-anomaly mediation with messenger scale Λ are approximately same as those of the pure modulus-mediation with a mirage messenger scale (m 3/2 /M P l ) α/2 Λ. We note that this feature does not depend on the detailed form of the modulus-mediation, thus applies to generic form of the mixed modulus-anomaly mediation. As was pointed out in [9] , the mixed modulus-anomaly mediation can avoid dangerous SUSY flavor and CP violations in a natural manner. The soft terms preserve the quark and lepton flavors if n i are flavor-independent, which would arise automatically if the matter fields with common gauge charge originate from the same geometric structure. They also preserve CP since the relative CP phase between F T and F C could be rotated away by the shift of the axioncomponent of T [12] . In Figs. 1-3 , we depict the pattern of low energy sparticle masses for an appropriate range of α. In this calculation, we determined the gauge and Yukawa couplings at M SU SY = 1 TeV using the 2-loop RG equations of the SM and the top quark mass m pole t = 178 GeV. Above M SU SY , we have used the 1-loop RG equation of the MSSM to arrive at M GU T . The results are not affected significantly by a different choice of M SU SY as long as it is not far from the weak scale. Fig. 1 provides an overall view of the low energy sparticle spectrum for the whole range of tan −1 (α/4), including the pure modulus mediation (tan −1 (α/4) = 0) and also the pure anomaly mediation (tan −1 (α/4) = π/2). Here we assumed that all MSSM matter and Higgs fields originate from D7 branes, thus n i = 0 for all MSSM chiral multiplets, and used the top quark Yukawa coupling for tan β = 10. Depending upon the value of α, the gluino to Wino mass ratio (and also the squark to slepton mass ratios) can be considerably suppressed (e.g. tan −1 (α/4) ∼ 0.22π) or enhanced (e.g. tan −1 (α/4) ∼ 0.75π), relative to the pure modulus mediation case. Note that the range 0.20π ≤ tan −1 (α/4) ≤ 0.64π gives either a tachyonic squark or a tachyoinc slepton. For 0.64π ≤ tan −1 (α/4) ≤ 0.77π, the negative slepton mass-square of the pure anomaly mediation can be lifted to a positive value, while keeping the Wino LSP. The relative signs (2.3) and the uplifting potential (2.13) with n P = −1, 0, 1 (α = 2/3, 1, 2), taking into account 10% uncertainty. Again the short-dashed curves denote the 3rd generation sfermions.
of Bino and gluino masses against the Wino mass can be (+, +) or (−, +) since the (+, −) case is excluded due to a tachyonic slepton/squark. Fig. 2 shows the low energy sparticle masses for 0 ≤ α ≤ 3. This range of α contains α = 1 predicted by the minimal KKLT set-up and also α = 2 which has a mirage messenger scale close to TeV. As for the squark/slepton spectrums, we considered three different cases distinguished by the universal values of n i : 0, 1/2 or 1. For α = 1 which is predicted by the minimal KKLT set up, we summarized the resulting sparticle spectrums at M SU SY in Table. 1. Note that the gluino to Wino/Bino mass ratios Mg/MW ,B and also the squark to slepton mass ratios mq/ml for the minimal KKLT value are significantly smaller than the values predicted by the general mSUGRA scenario or the pure anomaly mediation scenario. For α = 2, the low energy superparticle masses are approximately unified (up to corrections due to the top quark Yukawa coupling) since it gives a mirage messenger scale close to 1 TeV. Note that for a fixed value of α, the sparticle mass ratios discussed here are insensitive to the overall size of the SUSY breaking order parameter F T /T as well as of the details of the electroweak symmetry breaking which will be discussed below. Table 1 : Sparticle spectrum of the minimal KKLT set-up (α = 1) at M SUSY . All masses are divided by the Wino mass M 2 at 1 TeV. The ratios to the pure modulus mediation (α = 0) are also presented.
Let us now examine the electroweak symmetry breaking in the mixed modulus-anomaly mediation scenario. This issue depends on how the Higgs mass parameters µ and B are generated. An important phenomenological issue which is sensitive to µ is the nature of the lightest supersymmetric particle (LSP). Also if one could have a concrete theoretical scheme to relate the µ and B to M 0 = F T /(T + T * ), the overall size of M 0 might be constrained by the condition of the correct electroweak symmetry breaking. Here we will restrict the analysis to the simplest (though not the most attractive) scheme to generate µ and B: the minimal supersymmetric standard model (MSSM) with µ and B obtained from (2.24) or (2.29) under appropriate fine-tuning, while leaving the analysis for the next minimal supersymmetric standard model (NMSSM) with a singlet N , i.e. the model of (2.30), for future work. We also limit the analysis to the tree-level Higgs potential for simplicity. and tan β. If the LSP is stable, this feature can provide a strong constraint on the model. In general, a heavier H 2 lowers the stop mass through the radiative correction involving the top Yukawa coupling, while the choice n i = 1 or a large tan β makes the slepton lighter.
As we have noted, if y ijk = 0 only for a ijk = 1 and c i + c j + c k = 1 which would be obtained when n i + n j + n k = 2, and also if α ≈ 2, the RG evolution of modulus mediation is almost canceled by the anomaly mediation, which results in the mirage messenger scale close to TeV. This set-up may provide a new insight for the little hierarchy problem in supersymmetric standard model. In Fig.4 , we choose n i = 1/2 for matter fields and n i = 1 for the Higgs fields, satisfying the condition that n i + n j + n k = 2 for nonzero Yukawa couplings. The modulus-mediated soft mass-squares of the Higgs bosons at M GU T are vanishing up to small threshold corrections of O(M 2 0 /8π 2 ), and thus m 2
One the other hand, the modulus-mediated squark/slepton mass squares and the modulus-mediated gaugino mass at M SU SY are M 2 0 /2 and M 0 , respectively, thus
0 /2 for α = 2. This might enable us to generate a little hierarchy between the weak scale and the sparticle mass in a natural manner:
Of course, we then need a mechanism to generate µ and B smaller than M 0 by one order of magnitude. In general, keeping the hierarchy of O(10 −2 ) between the Higgs mass-squares and the gaugino/squark mass-squares is highly non-trivial because the latter enters in the former through the radiative corrections involving the strong coupling constants [31] . However, in the mixed modulus-anomaly mediation with α ≈ 2, those radiative corrections are automatically canceled by the anomaly-mediated contributions. Note that although no string theory realization is found yet, α = 2 can be naturally obtained by an effective theory with uplifting potential V lift ∝ 1/(T + T * ).
Conclusion
In this paper, we have examined some phenomenological consequences of the mixed modulusanomaly mediation scenario for supersymmetry breaking in which the modulus mediation and the anomaly mediation give comparable contributions to soft parameters at the messenger scale ∼ M GU T . Such mediation scheme can arise naturally in compactified string and brane models which stabilize the light moduli by nonperturbative effects at a supersymmetric AdS vacuum and then break SUSY by a sequestered uplifting potential. A concrete example of such scenario has been proposed recently by KKLT [6] and the pattern of resulting soft terms are analyzed in [8, 9] . The scheme may also offer an interesting cosmological scenario which produces the correct amount of the neutralino dark matter while avoiding the cosmological moduli/gravitino problem [32] . Here we considered a more general set-up based on 4D effective SUGRA with SUSY breaking uplifting potential, and noted that the scheme can result in a highly distinctive superparticle spectrum at low energy scales. This can be easily understood by noting that the low energy soft parameters in a mixed modulus-anomaly mediation with messenger scale Λ are (approximately) same as those of the pure modulus-mediation with a mirage messenger scale ∼ (m 3/2 /M P l ) α/2 Λ where α = m 3/2 /[M 0 ln(M P l /m 3/2 )] for M 0 denoting the modulus-mediated contribution to the gaugino mass at M GU T . The minimal KKLT model predicts α = 1, thus has a mirage mes- senger scale close to the intermediate scale m 3/2 M P l , while the string, compactification and gauge unification scales are all close to M P l . The most dramatic situation is α = 2 for which soft masses appear to be unified at TeV although the gauge couplings are unified at 10 16 − 10 17 GeV. Although no string theory realization is found yet, α = 2 can be naturally obtained by an uplifting mechanism to yield an uplifting potential V lift ∝ 1/(T + T * ) [8, 9] . Alternatively, one might be able to obtain such a value of α by tuning the form of the non-perturbative superpotential [9] . All the results of our phenomenological analysis are summarized in Figs. 1-4 2 ) to the Higgs mass-squares at M GUT .
